Introduction
============

The intestinal epithelium functions as a major local defence barrier. In healthy individuals the intestinal barrier is constituted of an intact layer of epithelial cells, which are tightly connected by membrane fusions of tight junction (TJ) \[[@b1]\]. The intercellular TJ plays crucial roles for the intestinal epithelium. TJs provide the protective barrier between the lumen and paracellular space. It acts as a physical and functional barrier against the penetration of bacteria and dynamically regulates the exchange of solutes and ions \[[@b2]\]. Impairment of epithelial barrier function could therefore result in an increased susceptibility to infection and inflammation \[[@b3]--[@b5]\]. Ischaemia-reperfusion (I/R) injury is a common clinical event, which is manifested as mucosal damage and a breakdown of the intestinal barrier function. Several reports have indicated that I/R could induce apoptosis in rat intestine \[[@b6], [@b7]\]. And increased epithelial apoptosis led to increase in paracellular permeability \[[@b8]\]. However, the molecular basis for barrier dysfunction in I/R is not understood in detail.

Primary components of TJs are transmembrane elements such as occludin \[[@b9], [@b10]\] and the claudins \[[@b11]\] as well as peripheral membrane proteins ZO-1 \[[@b12]\]. Impaired intestinal TJ has been described in the pathological conditions such as stress, burn injury and inflammatory bowel disease \[[@b13]--[@b17]\]. Alterations in TJ architecture was mainly attributed to redistribution of the TJ proteins \[[@b1], [@b18]\]. Changes in expression and distribution of claudins lead to discontinuous TJs in active Crohn's disease (CD) \[[@b19]\]. I/R injury leads to destruction of the intestinal epithelial barrier function in part due to the release of pro-inflammatory cytokines \[[@b20], [@b21]\]. Our previous study demonstrated alteration of TJ protein expression by pro-inflammatory cytokines \[[@b22]\]. Since impaired intestinal barrier function is often the result of changes in TJ protein expression, such a mechanism may also be assumed for I/R injury. To date, some studies have reported changes of TJ protein expression after I/R injury. Localized expression of claudin-2 and claudin-4 was altered \[[@b23]\]. The differences in distribution of occludin were noted during I/R injury \[[@b24]\]. Previous studies have demonstrated that claudins 1, 3 and 5 are present in the colon \[[@b25], [@b26]\]. Based on these findings, we assessed apoptosis in the colon of I/R injury rats with TUNEL and paracellular permeability using small molecular tracer biotin. Immunofluorescence microscopy was used to investigate the distribution of claudin-1, 3 and 5 in colon sections, and subcellular localization of these TJ proteins by detergent resistant membrane (DRM) analysis. The influence of I/R injury on the ultrastructure of TJ was also examined with electron microscopy. I/R injury altered localization of TJ proteins *in vivo* resulting in functional TJ deficiencies.

Materials and methods
=====================

Chemicals and reagents
----------------------

EZ-link Sulfo-NHS-Biotin was obtained from Pierce Chemical Co. (IL, USA). Antibodies to claudin-1, 3 and 5 were from Zymed Laboratories Inc. (San Francisco, CA, USA). Secondary antibodies conjugated to horseradish peroxidase were purchased from Amersham (Piscataway, NJ, USA). All secondary antibodies conjugated to Alexa fluorochromes, the Alexa 488-conjugated streptavidin and propidium iodide (PI) were purchased from Molecular Probes (Eugene, OR, USA). The ApopTag Fluorescein *in situ* Apoptosis Detection kit was purchased from Chemicon International Inc. (Temecula, CA, USA).

Animal model
------------

This study was approved by the Institutional Animal Care and Use Committee of the Nanjing University and the Principles of Laboratory Animal Care (NIH publication No. 86--23, revised in 1985) were followed. The experiments were carried out on male Wistar rats weighing between 250 to 300 g. After being acclimatized for 1 week to our laboratory condition, rats were fasted overnight but allowed free access to water. All animals were anesthetized with an intraperitoneal injection of 50 mg/kg/body weight of sodium pentobarbital. Then, abdominal incision was performed. As described by Megison *et al.*\[[@b27]\], the superior mesenteric artery (SMA) was exposed and occluded by an atraumatic vascular artery clamp. Afterwards, ischaemia of intestine was initiated for 60 min. and the laparotomy incision was closed. At the end of ischaemia, the abdomen was reopened and reperfusion was allowed by the removal of the vascular clamp, and reperfusion of the mesenteric vasculature was confirmed by the return of pulsation to the vascular arcade \[[@b28]\]. The incision was closed again, and all animals were maintained supine and kept warm with radiant lamps. Seven rats of each group were killed at 1, 3 and 5 hrs after reperfusion, respectively. Sham animals underwent the same operative procedure with the exception of the SMA clamping served as control.

Histopathological examination
-----------------------------

Tissue specimens were fixed in 10% formalin, embedded in paraffin, sectioned, and stained with haematoxylin and eosin. Damage to the intestinal specimens was assessed in a blinded manner by an experienced pathologist according to the histopathological scoring system of Paola *et al.*\[[@b29]\]. The score was graded as: 0, no damage; 1, focal epithelial oedema and necrosis; 2, diffuse swelling and necrosis of the villi; 3, necrosis with presence of neutrophil infiltrate in the submucosa; score 4, widespread necrosis with massive neutrophil infiltrate and haemorrhage.

Barrier permeability measurements
---------------------------------

EZ-link Sulfo-NHS-Biotin (0.443 kD) was used as a small molecular tracer. It was diluted to 2 mg/ml in PBS containing 1 mM CaCl~2-~ just prior to use. The rats were killed by cervical dislocation, abdomen was opened and the most caudal region of the colon was cut. Biotin was slowly added into the lumen of the colon for 3.5 min. *via* syringe attached to a 22G blunt end needle. The region of colon just rostral to the area contacting the syringe was removed (1 cm) and placed into 3.7% paraformaldehyde in phosphate buffered saline (PBS) pH 7.3 for 3 hrs. The tissue was then washed three times in PBS and sectioned by Wax-It Histology Services. Tissue sections were incubated with a 1:500 dilution of streptavidin conjugated to Alexa 488 for 30 min. and imaged by a Leica TCS SP2 confocal scanning microscope (Leica Microsystems, Heidelberg GmbH, Mannheim, Germany).

Tissue immunolocalization
-------------------------

Tissue was fixed in 3% paraformaldehyde and 5 μm sections were cut by Wax-It Histology Services, Inc., and treated with 0.2% Triton X-100 in PBS buffer. The samples were washed extensively in PBS and blocked with 5% normal goat serum in PBS containing 0.05% Tween-20 and 0.1% bovine serum albumin. Primary antibodies of rabbit anti-claudin-1 and anti-claudin-5, and mouse anti-claudin-3 antibodies were used at a concentration of 5 μg/ml and incubated overnight at 4°C and then washed and incubated with the secondary antibodies conjugated to Alexa 635 for 60 min. The slides were again washed extensively and stained with DAPI (4′, 6′-diamidino-2-phenylindole). The tissue was visualized using a Leica TCS SP2 confocal scanning microscope (Leica Microsystems).

Isolation of detergent resistant membranes and Western blot analysis
--------------------------------------------------------------------

The DRMs of TJs were isolated according to the previous method \[[@b16]\]. Mucosa samples were homogenized in lysis buffer (50 mM Tris, 25 mM KCl, 5 mM MgCl~2-.6H~2-O, 2 mM ethylenediaminetetraacetic acid, 40 mM NaF, 4 mM Na~3-VO~4-, pH 7.4) containing 1% Triton X-100 and protease inhibitor mixture solution. The resulting extract was then brought to 40% sucrose by addition of an equal volume of 80% sucrose. The mixture was placed in the bottom of an ultracentrifuge tube and overlayered with 2 ml of 30% sucrose then 25%, 20% and 5% sucrose (2 ml each). All sucrose solutions were prepared in lysis buffer (without detergent). The gradients were then centrifuged at 250,000 ×*g*, 4°C for 18 hrs in a Ti90 rotor with an Optima L-80XP ultracentrifuge (Beckman Coulter Inc., Fullerton, CA, USA). After centrifugation, 10 fractions (1 ml each) were collected from top to bottom of the tube one by one and stored at --80°C.

For Western blotting, the extracted fractions were separated on SDS-PAGE gels and electrophoretically transferred onto polyvinylidene difluoride membranes (Bio-Rad, Hercules, CA, USA). The membranes were then incubated with the appropriate primary antibodies overnight at 4°C, and then with the secondary antibodies for 1 hr at room temperature. The bound proteins were subsequently detected with the enhanced chemiluminescent detection system (Amersham Biosciences, Chalfont St Giles, UK). Quantification of the blots was achieved densitometrically using Quantity One 1-D analysis software (Bio-Rad).

Transmission electron microscopy
--------------------------------

The specimens from control and I/R injury rats were fixed with 4% glutaraldehyde for 2 hrs and post-fixed with 1% OsO~4-~. Subsequently, the tissue samples were dehydrated by graded ethanol and embedded in Epon 812. Fragments were cut and stained with uranyl acetate and lead citrate. Ultrathin sections were examined in a Hitachi H-600 (Tokyo, Japan) transmission electron microscope at 75 kV at a magnification of 20,000. From each animal an average of 100 consecutive TJ were observed in a blinded manner. TJs were considered to have increased permeability when the electron-dense marker penetrated into the junctional complex \[[@b30]\].

TUNEL assay
-----------

TUNEL staining was performed with an Apoptag Fluorescein in situ Apoptosis Detection kit according to the manufacturer's instructions. Briefly, the tissue cryosections were fixed in 1% paraformaldehyde for 10 min. at room temperature. After rinsing with PBS, sections were incubated with terminal deoxynucleotidyl transferase enzyme mixture for 60 min. at 37°C in a humidified chamber in the dark. The nucleotides in the enzyme mixture are digoxigenin labelled. After then the anti-digoxigenin antibody conjugated to fluorescein was applied to the tissues and incubated for 30 min. in the dark. Tissues were viewed by laser confocal microscopy. Necrosis was identified by the uptake of PI according to the previous method \[[@b31]\] with minor modification. Briefly, the 10 μm cryopreserved tissue sections were incubated with 0.1 μg/ml PI for 3 min. and the nuclei was counterstained with DAPI. And then necrosis was detected by laser confocal microscopy.

Statistical analysis
--------------------

Statistical analysis was performed by one-way [anova]{.smallcaps} statistical test using SigmaStat software. Turkey's multiple comparison test was used for *post hoc* analysis. And *P* \< 0.05 was considered statistically significant. All data were presented as mean ± S.E.M.

Results
=======

I/R injury caused mucosa damage
-------------------------------

The intestinal tissue damage induced by I/R injury was examined with light microscopy. As shown in Fig. [1A](#fig01){ref-type="fig"}, I/R caused significant tissue damage, which ranged from villous denudation to focal necrosis, ulceration, haemorrhage and architectural disintegration. I/R resulted in an increase in the histopathological score from a mean of 0.57 ± 0.22 in sham-operated rats to 3.0 ± 0.31 (*P* \< 0.001) after 5 hrs reperfusion (Fig. [1B](#fig01){ref-type="fig"}). In addition, the degree of histological destruction increased as the reperfusion period was prolonged (Fig. [1A](#fig01){ref-type="fig"} and [B](#fig01){ref-type="fig"}).

###### 

Histopathological findings of haematoxylin & eosin-stained sections of the rat colon (A) (×400). Control group showing normal histopathology. I/R group animals at 1, 3 and 5 hrs after reperfusion demonstrating denuded villi and architectural disintegration. Seven rats were involved in each group. Arrows, denuded villi; arrow heads, haemorrhage. Bar = 5 μm. Histopathological scoring of colon tissue sections (B). The mucosal injury of the HE-stained colon tissues were evaluated by a pathologist. Note that there is a significant increase in the injury score after I/R. Data were mean ± S.E.M., and seven rats were involved in each group. Different letters indicate significant difference by Turkey's multiple comparison test at 0.05 leve1.
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Impairment of barrier function by I/R injury
--------------------------------------------

We incubated the colon of I/R injury rats with a molecular tracer (biotin) to determine if the epithelial barrier in the colon was functionally altered in I/R injury. The biotin tracer lined the luminal boundary of the colonic epithelium and did not penetrate into the tissue in the control (Fig. [2A](#fig02){ref-type="fig"} and [B](#fig02){ref-type="fig"}). This staining pattern was markedly different and biotin/streptavidin staining was noted deep to the epithelial surface at 1 hr of reperfusion (Fig. [2A](#fig02){ref-type="fig"} and [C](#fig02){ref-type="fig"}). And fluorescent labelling was observed within and between many colonic epithelial cells at 3 hrs of reperfusion (Fig. [2A](#fig02){ref-type="fig"} and [D](#fig02){ref-type="fig"}). It produced a vibrant signal that extended well into the lamina propria and resulted in staining throughout the tissue following 5 hrs I/R injury (Fig. [2A](#fig02){ref-type="fig"} and [E](#fig02){ref-type="fig"}). This indicates that the epithelial barrier was significantly disrupted by I/R injury.

###### 

Barrier permeability micrographs of I/R injury. (A) Low magnification confocal projections of a biotin tracer to assess barrier permeability using control and I/R rat tissue. (B--E) Higher magnification of biotin- and DAPI-treated colon tissue of control and I/R rat. Biotin is held to the luminal border in control tissue (A, B). Biotin staining was deep to the epithelial surface at 1 hr of reperfusion (A, C). The fluorescent labelling was observed within and between many colonic epithelial cells after 3 hrs (A, D). Biotin signal extended into the lamina propria and resulted in staining throughout the tissue following 5 hrs I/R injury (A, E) reperfusion. Biotion was seen in green colour and nuclei were stained with DAPI (blue). The merging image of green biotin and blue nuclei was also presented. Images shown are representative of three experiments. Bars = 10 μm.
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As increase of epithelial apoptosis and necrosis affect epithelial barrier function \[[@b8]\], we examined whether I/R could induce apoptosis and/or necrosis in colon tissues of the rats. The TUNEL assay was carried out by immunofluorescence detection. As shown in Fig. [3A](#fig03){ref-type="fig"}, TUNEL^+^ cells was few in rat colon of the sham-operated group. The number of TUNEL^+^ cells in the I/R rat colon was significantly increased at 3 and 5 hrs of reperfusion, reaching a maximum at 5 hrs of reperfusion (Fig. [3A](#fig03){ref-type="fig"}). And the apoptotic frequency in 3 and 5 hrs I/R injury rats were 5.3% and 13%, respectively (Fig. [3C](#fig03){ref-type="fig"}). To determine whether the permeability of biotin was due to loss of barrier function of TJ and not the loss of barrier function (and viability) of the cells, we examined necrosis in colon tissues by the uptake of PI. In the colon of control rats, there is homogeneous staining of nuclei with DAPI and no PI staining (Fig. [3B](#fig03){ref-type="fig"}). PI^+^ necrotic cells were shown after I/R injury, especially at 3 and 5 hrs of reperfusion. The percentage of the necrotic cells reached the maximum of 4% at 5 hrs of reperfusion (Fig. [3D](#fig03){ref-type="fig"}). The results demonstrated that I/R injury induced apoptotic damage as well as necrosis in rat colon tissues. And the damage was severe at 5 hrs of reperfusion. It indicates that the increased frequency of apoptotic and necrotic cells as a mechanism of the I/R-induced intestinal barrier defect. And the I/R-induced apoptosis and necrosis in colon is paralleled by an increase in paracellular permeability.

###### 

Analysis of apoptosis and necrosis in colons of I/R injury rats. (A) Representative TUNEL stains in colon tissues obtained from sham-operated and I/R rats. Apoptotic cells were shown as bright green fluorescence staining. (B) Detection of necrosis with PI staining. The DAPI (blue) and PI (red) fluorescence were shown. Quantitative analysis of TUNEL^+^ cells (C) and necrotic cells (D) in the colon at various time-points of reperfusion after 1 hrs ischaemia. White arrows depict TUNEL^+^ cells (A) and necrotic cells (B). Bars = 10 μm.
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TJs play an important regulatory role in barrier function. TJs are major determinants in the maintenance of barrier permeability. We performed transmission electron microscopy analysis to further investigate the impact of I/R on the morphology of TJ. In control group, the TJ and desmosomes were intact, and the microvillus was regularly aligned in intestinal epithelium (Fig. [4](#fig04){ref-type="fig"}). In I/R injury rats, alteration of TJ ultrastructure was observed. Less electron-dense materials were present between the adjoining cells near the brush border, which indicated the disruption of normal TJ morphology. And the amounts of microvillus decreased and the length and arrangement were irregular (Fig. [4](#fig04){ref-type="fig"}).

![Transmission electron micrograph of mucosa subjected to I/R injury. In control, TJ and desmosome are intact. While, alteration of TJ ultrastructure was observed in I/R group animals at 1, 3 and 5 hrs after reperfusion. Less electron-dense materials were present between the adjoining cells near the brush border, which indicated the disruption of normal TJ morphology. And the amounts of microvillus decreased and the arrangement were irregular. Arrows, TJ; Arrow heads, desmosome; Asterisks, microvilli. Bars = 200 nm.](jcmm0013-4061-f4){#fig04}

Confocal laser scanning microscopy of tight junction proteins
-------------------------------------------------------------

To assess TJ disruption *in vivo* caused by I/R injury, we compared claudin-1, -3 and -5 localizations in tissue sections from I/R injury rats as well as control. The characteristic staining pattern of claudin-1, 3 and 5 localization remained along the lateral cell boundaries in the control (Fig. [5A](#fig05){ref-type="fig"}--C). Following I/R injury, localization of claudin-1, -3 and -5 in tissue sections altered compared with control (Fig. [5A](#fig05){ref-type="fig"}--C). A significant alteration of the disruption of immunofluorescence signal for claudin-1, -3 and -5 was observed in tissue sections of I/R injury rats. An irregular distribution pattern of claudin-1, -3 and -5 was found following I/R injury (Fig. [5A](#fig05){ref-type="fig"}--C). Claudin-1 showed a tight junctional staining in controls (Fig. [5A](#fig05){ref-type="fig"}) and it stained weakly in the upper part of the crypt (Fig. [5A](#fig05){ref-type="fig"}) in tissue sections of I/R injury. Claudin-3 was redistributed from the crypts and surface to the lateral plasma membrane (Fig. [5B](#fig05){ref-type="fig"}) and claudin-5 showed a diffuse cytoplasmic staining (Fig. [5C](#fig05){ref-type="fig"}) following I/R injury. Claudin-3 expression in the tips of the villi was decreased at 5 hrs after I/R. In control claudin-5 showed a regular expression on the tips of the villi, whereas in I/R groups the staining pattern of claudin-5 was partly disrupted and irregular at the apical surfaces. The expression of claudin-5 was decreased in the tips of the villi and strong expression was observed in the basal part of the villi. These results further confirm our findings that TJ was disrupted in the presence of I/R injury. Moreover, the observed alteration of claudins localization seemed to be correlated with intestine barrier permeability.

###### 

Altered localization of claudin-1, 3 and 5 following I/R injury. The respective claudins (red) and nuclei (blue) images were obtained by immunofluorescence analysis of tissue sections of control rat colon and I/R injury (*n*= 7). In controls, claudin-1, 3 and 5 exhibited the characteristic lateral membrane staining in the surface epithelial cells. At 1, 3 and 5 hrs after reperfusion, labelling of all three proteins was present diffusely within cells rather than along the lateral cell boundaries. (A) Claudin-1 distribution; (B) claudin-3 distribution; (C) claudin-5 distribution. Bars = 10 μm.
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I/R injury changed the expression and distribution of TJ proteins in membrane microdomains of TJ
------------------------------------------------------------------------------------------------

To assess the effect of I/R injury on the expression and distribution of TJ proteins in membrane microdomains of TJ, we utilized discontinuous sucrose density gradients ultracentrifugation to isolate the DRMs of TJs, and the expression of claudins, occludin and ZO-1 in detergent-insoluble and detergent-soluble fractions was determined. To confirm the localization of DRMs within the sucrose gradients, we used caveolin-1 as a marker. In control rats, caveolin-1 was found mainly (92.6%) in TX-100 insoluble fractions (fractions 3--5), However, after I/R treatment it was displaced from TX-100 insoluble fractions to TX-100 soluble fractions (fractions 6--9) (Fig. [6A](#fig06){ref-type="fig"} and [B](#fig06){ref-type="fig"}). And only 2.6% of caveolin-1 was present in TX-100 insoluble fractions. The distribution of occludin (Fig. [6C](#fig06){ref-type="fig"} and [D](#fig06){ref-type="fig"}), ZO-1 (Fig. [6E](#fig06){ref-type="fig"} and [F](#fig06){ref-type="fig"}) and claudin isoforms (claudin-1, claudin-3 and claudin-5) (Fig. [6G](#fig06){ref-type="fig"}--L) in TJ membrane fractions was analysed and densitometric results were calculated. The distribution of these proteins examined was marked influenced in I/R injury rats. Occludin, ZO-1, claudin-1 and claudin-3 were completely displaced from TX-100 insoluble fractions to TX-100 soluble fractions, while claudin-5 was partly displaced from DRMs.

###### 

Western blotting analysis of the lipid raft marker protein caveolin-1 and TJ protein Occludin, ZO-1 and claudins 1, 3 and 5. Tissues were homogenized and subjected to discontinuous sucrose density gradient ultracentrifugation. The resulted fractions were analysed by immunoblotting. Blots were probed with antibodies and analysed quantitatively by densitometry with Quantity One 1-D analysis software. The proteins examined were found to translocate from TX-100 insoluble fractions to TX-100 soluble fractions. The blots shown are representative of three experiments. (A, B) Caveolin-1; (C, D) Occludin; (E, F) ZO-1; (G, H) claudin-1; (I, J) claudin-3; (K, L) claudin-5. Data presented were mean ± S.E.M. (\*\*\**P* \< 0.001).
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Discussion
==========

Ischaemia causes mucosal injury with a subsequent increase of mucosal permeability and these are often fatal conditions in patients that can result in sepsis and multiple organ failure. Mesenteric I/R has been considered to be a pivotal mechanism in the pathogenesis of multiple organ failure. Increased intestinal permeability is one manifestation of mesenteric I/R injury that has been documented in high-risk patients after burns, sepsis, and shock \[[@b13], [@b14]\]. Although recent studies allow more insight into the molecular aspects of TJs, much less is known about TJ disruption *in vivo* and alteration in localization and expression of TJ proteins during I/R injury. Here, we demonstrated that I/R injury induced apoptosis which was accompanied by an increase in barrier permeability. The TJ proteins claudins 1, 3 and 5 were redistributed and occludin, ZO-1 and the claudins were displaced from membrane microdomains of TJ to detergent soluble fraction. Moreover, the morphology of TJ was changed. TJs were less apparent at the electron microscopic level compared with controls following I/R injury. Our findings demonstrated that I/R injury disrupted multiple TJ proteins *in vivo* resulting in a functionally deficient epithelial cell barrier. The results of the present study show that altered expression and distribution of TJ proteins as the structural correlate of barrier dysfunction in I/R injury.

Because disruption of the TJ may be a relatively major part of the pathology of ischaemia through altered TJ permeability, we examined intestinal barrier after ischaemia/refusion. Permeability studies were performed with a low-molecular weight tracer (Fig. [2](#fig02){ref-type="fig"}). During I/R injury, a significant increase of the permeability was detected which indicated that the permeability increase occurs most likely *via* increased paracellular diffusion between epithelial cells. The ultrastructure observation further supported the increased permeability by representing leaky TJs after reperfusion treatment. This suggests a dysfunction of the interepithelial tight junctional complex.

I/R is a complicated pathophysiological process and it may result in necrotic tissue damage. As increase of epithelial apoptosis and necrosis affect epithelial barrier function, we examined whether I/R could induce apoptosis and/or necrosis in colon tissues of the rats. In this study, we found that I/R induced necrosis in the colon. PI^+^ necrotic cells were shown after I/R injury, especially at 3 and 5 hrs after reperfusion. The percentage of the necrotic cells reached the maximum of 4% at 5 hrs of reperfusion (Fig. [3D](#fig03){ref-type="fig"}). The results showed that after 3 and 5 hrs I/R injury, the number of apoptotic cells was increased significantly. And the apoptotic cells at 5 hrs of reperfusion were more than that at 1 and 3 hrs of reperfusion. Our results were different from the previous report \[[@b6]\] that apoptotic cells was nearly 18% after 1 hr ischaemia followed by 3 hrs reperfusion and maximumed at 3 hrs of reperfusion in rat jejunum. But the apoptotic index was 30% in the rat ileum at 3 hrs of reperfusion \[[@b7]\].The different results from these reports even in the same condition varied depending on different segment of the intestine. In our study, TUNEL stains were observed in rat colon and maybe the colon was less sensitive to I/R injury than the small intestine. Our results demonstrated that I/R injury induced apoptotic damage as well as necrosis in rat colon tissues. The increased frequency of apoptotic and necrotic cells may be a mechanism of the I/R-induced intestinal barrier defect.

Damage of cell membrane is a characteristic for necrosis, which results in leaky membranes. Thus, membrane leakage of the cells might be a factor of I/R-induced barrier impairment. Increased barrier permeability could be caused by an increase of apoptotic and necrotic cells \[[@b8]\], and by an increased permeability of the epithelial TJs. Therefore, it seems reasonable to conclude that TJ structural alterations and the increased frequency of apoptotic and necrotic cells were the predominant factors in barrier impairment in I/R injury in our study. The alterations of TJ protein expression and localization are the determining structural basis for I/R induced impairment of epithelial barrier function.

The appropriate localization of claudins at the cell boundaries corresponds to intact TJs whereas the redistribution of localization of claudins corresponded to functional TJ deficiencies in the colon by pathogen invasion \[[@b32]\]. Previous studies have demonstrated that claudins 1, 3 and 5 are present in the colon \[[@b25], [@b26]\]. Based on these findings, we used immunofluorescence microscopy to investigate the distribution and subcellular localization of claudin-1, 3 and 5 on colon sections. The results demonstrated that in control colon sections the expression and subcellular distribution of all claudins showed similar staining patterns. In control rats, the claudins are strongly expressed in the surface epithelial cells of the colon showing the characteristic lateral membrane staining. The staining of claudins focused at the cell apices on the tip of the villi and the crypts. In I/R injury rats, however, labelling of all three proteins was present diffusely within cells rather than along the lateral cell boundaries (Fig. [5](#fig05){ref-type="fig"}). Moreover, expression of claudins followed a differential localization from the tip of the villi to the crypts. I/R caused the expression of claudin-1 and -5 decreased dramatically both in the villi and the crypts (Fig. [5](#fig05){ref-type="fig"}). While claudin-3 expression in the tips of the villi was decreased at 5 hrs after I/R. The results were consistent with previous results showing that claudins were redistributed in response to different pathological conditions such as CD and bacteria invasion \[[@b5], [@b19]\].

To further investigate the effect of I/R on the distribution of TJ proteins in membrane microdomains of TJ, we isolated the DRMs of TJs and analysed the expression of TJ proteins by Western blot. We found that distribution of TJ proteins in membrane microdomains of TJ was markedly affected in I/R injury rats. Occludin, ZO-1, claudin-1 and claudin-3 were completely displaced from TX-100 insoluble fractions to TX-100 soluble fractions, and claudin-5 was partly displaced from DRMs of TJs. This result was similar with our previous study in experimental colitis induced by TNBS (2,4,6-trinitrobenzenesulfonic acid) in rats, which demonstrated that the expression and distribution of TJ proteins were altered in colitic rats \[[@b16]\].

TJs are one of the major determinants of epithelial barrier function. The disruption of TJs can lead to increased paracellular permeability after intestinal ischaemia \[[@b33], [@b34]\]. However, the mechanisms by which I/R disrupt intestinal barrier function are not fully characterized. In the present study, redistribution of TJs proteins in membrane microdomains of TJ and increased epithelial permeability was found during I/R. TJs have become increasingly recognized for their role in gut injury. Impaired epithelial barrier function has been reported in many diseases states, including CD \[[@b14], [@b16]\] and ulcerative colitis \[[@b35], [@b36]\]. These studies revealed breaks of TJ strands, and the expression and distribution of TJ proteins were changed. In our study, it was shown that the redistribution of TJs proteins might lead to disruption of intestinal barrier function and increased epithelial permeability during I/R. Ischaemia and reperfusion injury is associated with the activation of cytokines \[[@b37]\]. Among these inflammatory cytokines produced in I/R, tumour necrosis factor (TNF)-α plays an important role in reperfusion-induced tissue injury and lethality \[[@b38]\]. In the previous studies we found the altered distribution of TJ proteins in experimental colitis \[[@b16]\]. Pro-inflammatory cytokines induced alteration of the expression of TJ proteins in TJ membrane microdomains by changing the lipid environment of TJ membrane microdomains \[[@b22]\]. There is also evidence to suggest that the changes in paracellular permeability caused by interferon-γ and TNF-α are associated with marked increases in myosin light chain phosphorylation and the cytokines leading to intestinal barrier dysfunction by the myosin light chain kinase pathway \[[@b39]\]. I/R injury led to appearance of aberrant TJs. The disrupted morphology of TJs is often the results of changes in TJ protein expression. These observations indicated that I/R-induced changes in TJ structure and function may be associated with the redistribution of TJ proteins in TJ membrane microdomains. It demonstrated the importance of the altered distribution of TJ proteins in membrane micodomains of TJ in the maintenance of epithelial barrier properties.

Conclusion
==========

Here, we presented evidence that I/R injury induced TJ disruption *in vivo*. We have shown a significant increase in the frequency of apoptotic and necrotic cells which was accompanied by an increase in barrier permeability. TJ protein expression contributes to this barrier impairment. We demonstrated that redistribution of TJ proteins in TJ membrane microdomains and redistribution of claudins 1, 3 and 5 in epithelial cells of the colon lead to alteration of TJ architecture and TJ barrier dysfunction during I/R injury. Further studies are needed to clarify the molecular basis that leads to changes of TJ proteins and compromised junctional function during I/R injury.
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